The ubiquitous isozyme of phosphoglycerate kinase, PGK-1, and the testis-specific isozyme, PGK-2, have been localized to specific cells of the testis by indirect immunofluorescence on Bouin's fixed testis sections. The earliest cell of the spermatogenic series in which PGK-2 is detectable by immunofluorescence is the Stage 12 spermatid. The intensity of fluorescence increases as the spermatids progress to later stages and is strong in both released spermatids and their residual bodies. PGK-2 is not detectable in premeiotic germinal cells or somatic cells of the testis. Specific fluorescence for PGK-1 is localized to the somatic cells of the testis: the interstitial and Sertoli cells.
INTRODUCTION
Two isozymic forms of phosphoglycerate kinase (PGK) (EC 2.7.2.3) have been identified in mammals. The activity of the PGK-1 isozyme is detected in all tissues and the gene has been shown to be X-linked in man (Chen et aZ., 1971; Meera Khan et a.Z., 1971) , kangaroo (Cooper et aZ., 1971) , and mouse (Kozak et cd., 1973; Nielsen and Chapman, 1977) . The PGK-2 isozyme is found only in the testes and sperm of most mammals (VandeBerg et al., 1973) and has been shown to be autosomally inherited in the kangaroo (VandeBerg et aZ., 1980) and the mouse (VandeBerg et aZ., 1976) . In the mouse, P&-2 is linked to the H-2 complex on Chromosome 17 (Either et aZ., 1978; VandeBerg and Klein, 1978) .
VandeBerg et al. (1976) studied the appearance of PGK-2 in developing mouse testis homogenates by starch gel electrophoresis.
PGK-2 activity was first detectable at 22 days of age, which corresponds to the first appearance of early stage spermatids. ' Maximal levels of PGK-2 were attained by approximately 60 days of age. PGK-2 accounts for all or nearly all of the PGK activity in mature sperm (VandeBerg et cd., 1973; Chen et aZ., 1976) . These data suggest that PGK-2 is an isozyme specifically activated during spermatogenesis and may thus be valuable for studying gene expression during spermatogenesis.
In order to determine which cells of the testis contain PGK-1 and/or PGK-2 I have carried out indirect immunofluorescence with antisera which are isozyme specific. I report here that PGK-2 is localized exclusively in postmeiotic cells of the testis, exhibiting very intense i The differentiation of spermatids has been divided into 16 stages (1-16) (Oakberg, 1956) . In a more general sense we refer to early (l-8), middle (g-13), and late (14-16) stage spermatids. immunofluorescence in late stage spermatids. PGK-1 is present at much lower levels and is associated primarily with interstitial and Sertoli cells.
MATERIALS AND METHODS
Animals. CD-l mice, purchased from Charles River or random bred from their stock, were used for all experiments. They were maintained under a lbhr-light, lo-hr-dark cycle with 31, pine:cedar bedding.
Antisera. Antisera prepared by injecting rabbits with either purified PGK-1 or PGK-2 were kindly provided by Dr. C. -Y. Lee (Pegoraro et cd., 1978; Lee et aZ., 1980) .
Normal rabbit serum was obtained from nonimmunized animals. All sera were fractionated by three ammonium sulfate precipitations (33% saturation), resuspended in borate-buffered saline pH 8.0, and stored at -70°C in small aliquots.
Preparation of PGK-2 for serum absorption. Partially purified PGK-2 was prepared essentially as described by Lee et al. (1980) . Testes from 25 mice were homogenized in 4 vol of 10 mM Tris-HCl pH 8.0, 1 m&Z dithiothreitol, 1 mM EDTA, centrifuged at 100,OOOg for 1 hr, and the supernatant was loaded onto a DEAEcellulose column (1.6 X 20 cm) equilibrated with the same buffer. PGK-1 was eluted by washing with 2.5 column vol of buffer and then PGK-2 was eluted with a linear lo-100 mMNaC1 gradient. Fractions containing PGK-2 activity were pooled and vacuum concentrated. This procedure completely separates PGK-1 from PGK-2 and results in a 20-to 30-fold purification of PGK-2.
Serum absorptions. Liver homogenates or partially purified PGK-2 were coupled to CNBr-activated Sepharose (Pharmacia).
The anti-PGK-2 serum was absorbed on liver and the anti-PGK-1 serum was absorbed on PGK-2 to remove cross-reactivity (Lee et al., 1980) . All sera were also massively absorbed on mouse spleen cells (equal volume of sera to packed cells).
Tissue preparations. Fixation of testes was performed with either Bouin's, 3.7% formaldehyde in PBS, 95% ethanol, or several concentrations of glutaraldehyde. Bouin's was found to be optimal for the preservation of cellular morphology and immunofluorescence and was used for all reported studies. Testes were fixed overnight, dehydrated, and imbedded in paraffin at 62°C. Sections were cut at 5 pm and affixed to albumincoated slides.
Mouse myoblasts grown on coverslips were fixed overnight in Bouin's and subsequently treated as were the testes sections.
Indirect immunojkrescence technique. Sections were cleared, rehydrated, and soaked in Dulbecco's phosphate-buffered saline (PBS) for 15 min and in 10% newborn calf serum (GIBCO) in PBS for an additional 15 min. Excess fluid was blotted from the slides and sera (lo-15 ~1) was applied to the sections. Slides were incubated in a moist box at 32°C for 30 min, washed for 15 min in three changes of PBS followed by 5 min in 10% serum-PBS.
Fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG (Cappel Labs), diluted 1:lOO in 10% serum, was applied to the sections and the slides were incubated as above. The slides were washed for 20-30 min in four or five changes of PBS and coverslips were mounted with 9:1, glycerol:PBS.
All sera were serially diluted with 10% calf serum-PBS to obtain maximum specific fluorescence. There were no changes in specific fluorescence upon dilution except that a stronger diffuse background developed at the lowest dilutions. Routinely, anti-PGK-1, anti-PGK-2, and normal rabbit serum were used at 1:50 dilutions while FITC-goat anti-rabbit IgG was at 1:lOO dilution. Visualization and photography. Slides were viewed on a Zeiss Photomicroscope III with epifluorescence condenser IIIRS (BG12 blue exciter filter and barrier filter 50). Kodak Tri-X film (ASA 400) was used for all photography. Photographs of fluorescent sections were taken with a 1-min exposure time except where otherwise noted. Printing of all photographs of fluorescent sections was performed identically to allow meaningful comparisons.
After the immunofluorescence had been photographed, coverslips were removed and the sections were stained with Mayer's hematoxylin-eosin or periodic acid Schiff's-hematoxylin for identification of cells (Oakberg, 1956 ).
RESULTS
The PGK antisera have previously been characterized by double immunodiffusion and enzyme immunoinactivation (Lee et aZ., 1980) . Anti-PGK-2 serum did not cross-react with PGK-1. However, anti-PGK-1 serum (which had not been absorbed on PGK-2) did show cross-reactivity with PGK-2. I have subsequently absorbed the anti-PGK-1 serum on PGK-2 to remove this cross-reactivity (see Materials and Methods).
The following experiments were performed to assess serum specificity at the level of immunofluorescence. Cultured mouse myoblasts, which contain PGK-1 but not PGK-2, were Bouin's fixed and treated for immunoflorescence. When treated with anti-PGK-1 serum all cells showed fluorescence (Fig. la) . As expected, treatment of myoblasts with anti-PGK-2 serum resulted in no detectable fluorescence (Fig. 2a) . The reciprocal experiment could not be performed because I know of no tissue which contains only PGK-2. However, when the anti-PGK-1 serum was passed through a column of Sepharose-bound PGK-2 there was no loss of immunofluorescence (see Fig. 3a ). Comparable absorption of anti-PGK-2 serum on Sepharose-bound PGK-2 removed all detectable fluorescence (Fig. 4a) . When testes from immature animals (with no PGK-2 detectable by electrophoresis)
were examined by immunofluorescence, they were positive with anti-PGK-1 serum but completely negative with anti-PGK-2 serum (data not shown). Finally, normal rabbit serum produced only diffuse background fluorescence similar to that seen when sections were treated with FITC-goat anti-rabbit IgG alone.
The specific fluorescence detected when testis sections are treated with anti-PGK-1 is depicted in Fig. 3a and the PAS-hematoxylin stain of the same tubule is shown in Fig. 3b . This picture (Fig. 3a) by VandeBerg et al. (1973 VandeBerg et al. ( ,1976 ) that activity of the autosomal form of phosphoglycerate kinase (PGK-2) is restricted to the testes and sperm of mice. This suggests that the Pgk-2 locus is one of many loci specifically activated during the differentiative process of spermatogenesis. We have localized PGK-2 in the testis by means of immunofluorescence and shown that it is present only in postmeiotic spermatogenic cells. More precisely, PGK-2 is first detectable in late-middle stage spermatids and appears to increase in concentration as the cells progress to mature late stage spermatids. Conversely, the ubiquitous, X-linked form (PGK-1) appears to be specifically concentrated in nongerminal cells, the interstitial and Sertoli cells. VandeBerg et al. (1976) were first able to detect PGK-2 activity by starch gel electrophoresis in testes of 22-day-old mice, corresponding to the first appearance of early spermatids in the testis. PGK-2 activity was difficult to detect until the age of 30 days at which time a rapid increase in PGK-2 activity was initiated. This corresponds to the first appearance of late-middle stage spermatids in th testis. We have confirmed and extended these findings (Kramer and Erickson, 1981) . Using the method of immunofluorescence we could not detect PGK-2 in early spermatids as would be expected from the findings mentioned above. However, our first detection of PGK-2 in late-middle stage spermatids corresponds to the large activity increase which begins in 30-day-old testes. It therefore seems likely that early spermatids have a concentration of PGK-2 which is too low to be detected by immunofluorescence.
Subsequently, PGK-2 concentration appears to increase as cells progress from middle to late stage spermatids as is demonstrated by the increasing intensity of fluorescence. This is also the time when double diffusion and enzyme immunoinactivation first revealed the presence of PGK-2 in mouse testes (Erickson et aZ., 1979) .
When sections were treated with anti-PGK-1, only interstitial and Sertoli cells exhibited fluorescence that was consistently above background. This indicates that these cells have relatively high concentrations of PGK-1. The failure to detect PGK-l-specific fluorescence in the germ-line cells of the testis suggests that the PGK-1 concentration in these cells is low or zero. Several lines of evidence suggest that the single X chromosome in males is inactivated at meiosis during spermatogenesis (Lifschytz and Lindsley, 1974; Kofman-Alfaro and Chandley, 1970; Monesi, 1965) . If this were the case, then transcription of the Pgk-1 locus would cease at meiosis and the amount of PGK-1 enzyme would be expected to decline as cells progressed through later stages of spermatogenesis. Unfortunately, the sensitivity of our immunofluorescence technique was insufficient to determine if such a decline in PGK-1 occurs.
Two other testis-specific proteins, cytochrome ct and lactate dehydrogenase-X (LDH-X), have been localized in the testis by immunofluorescence Hintz and Goldberg, 1977; Wheat et al., 1977) and the earliest appearance of LDH-X activity has also been determined (Goldberg and Hawtrey, 1967) . These studies indicate that both cytochrome ct and LDH-X first appear in midpachytene primary spermatocytes, suggesting that these loci may be coordinately activated . The first enzymatic appearance (VandeBerg et al., 1976; Kramer and Erickson, 1981) DEVELOPMENTAL BIOLOGY VOLUME 87, 1981 sented in this paper) indicate that PGK-2 appears at a later stage of spermatogenesis, in early spermatids. This makes it unlikely that the P&-d locus is activated in conjunction with the loci for cytochrome ct and LDH-X.
The great increase in PGK-2 which begins in latemiddle stage spermatids is of particular interest because little or no poly(A) RNA synthesis is detectable in these cells (Geremia et al, 19'78; Erickson et aZ., 1980) . Studies on the appearance of the PGK-2 mRNA and the synthesis of the PGK-2 enzyme in different stages of spermatogenesis may elucidate how the expression of this isozyme is controlled. In the accompanying paper, we describe the rates of synthesis for both the PGK-1 and the PGK-2 enzymes during the differentiative progression of spermatogenesis.
